INTRODUCTION
Nerve injuries occur by a variety of mechanisms, including traumatic wounds, thermal or chemical damage, myelin or axonal degeneration, and acute compression. These injuries typically result in the loss of motor function, sensory function, or both. Functional recovery is regained upon complete axonal regeneration, which includes remyelination and reinnervation (i.e., synapse formation) of the appropriate muscle and sensory targets.
For severing injuries, the two nerve cable ends can be surgically reconnected if the repair does not put tension on the nerve cable. For gaps longer than B5 mm, an autologous nerve graft (i.e., autograft) from the patient's own body is used to bridge the injury site. The most common donor nerves implemented clinically are the sural nerve and the medial and lateral antebrachial cutaneous nerves (1) (2) (3) .
Nerve autografts are, however, associated with several disadvantages: sensory loss as well as possible scarring and painful neuroma formation at the donor site, potential mismatches in diameter or length to the injured nerve, and the required multiple surgeries (4, 5) . Nerve allografts transplanted from other individuals are one potential alternative to autografts, but they require the use of immunosuppressants to reduce the patient's response to transplant tissue antigens (6) .
These disadvantages associated with current clinical treatments have motivated the investigation of new approaches, such as tissue engineering, for addressing nerve injuries. The ultimate goal of peripheral nerve tissue engineering is to provide rationally designed alternatives to grafted tissue through a deeper understanding of the dynamic three-dimensional interactions of peripheral neurons, glial cells, and their extracellular matrix environment. Tissue engineering principles can also be implemented to develop new in vitro model systems to study cellular behaviors associated with regenerating nerve tissue.
This entry provides a survey of emerging tissue engineering technologies to treat peripheral nerve injuries and to investigate regeneration processes in vitro. Several recent review articles have also addressed peripheral nerve tissue engineering and regeneration (7) (8) (9) (10) ; therefore, this work will primarily focus on literature published during 2000-2005 and will emphasize advancements that have demonstrated an improved ability to promote functional repair in vivo or control cell behavior in vitro. The reader is directed toward published review articles for information on other related topics such as the neurobiology of neuronal and glial cell response to injury (11) ; the delivery of support cells including glial cells (7) , genetically modified cells (7) , and stem cells (12) ; the delivery of growth factors, drugs, and DNA (7, 13) ; and electrical devices for stimulating, processing, and recording nerve behavior (14) .
NERVE GUIDES: RECENT ADVANCES IN ANATOMICAL AND FUNCTIONAL RECOVERY
Nerve guides typically are tubular conduits made from naturally derived materials or synthetic polymers and are designed to serve several functions: to bridge the nerve endings, to direct axonal growth and Schwann cell migration, and to prevent scar formation. Moreover, nerve guides should ideally be ''semipermeable''; in other words, the guides should allow nutrient and waste exchange during early stages of regeneration (when new vasculature is not yet established), but yet they constrain the locally secreted soluble factors beneficial to regeneration. A broad range of both simple tubes and complex guides have been fabricated (7, 15) , but only a small number are currently approved by the Food and Drug Administration (FDA) for surgical use (Table 1 ) (4). For example, in human studies, polyglycolic acid guides have demonstrated good functional results in comparison with autografts in gaps less than 3 cm in length (16, 17) .
In the past 5 years, several new guide designs have been shown in animal studies to stimulate nerve regeneration at levels similar to that of the autograft. In reviewing these works, it is key to examine both the anatomical or the morphometrical success of regeneration (i.e., the density and average diameter of myelinated and unmyelinated axons measured in histological sections) as well as the functional success as shown by electrophysiological tests, gait analyses, or sciatic functional index measurements. Finally, comparisons with the clinical standard, autografts, are the most valuable in determining the success of a new guide design. As reviewed below, new nerve guide designs are beginning to rival autografts by exhibiting comparable levels of morphometrical and functional regeneration in animal models. Future human trials will reveal whether these designs are suitable for safe and effective clinical use.
Synthetic Nerve Guide Materials
Perhaps the most thorough published analysis of a new nerve guide has been reported in a series of articles by Shimizu et al. (18) (19) (20) (21) . In these works, degradable polyglycolic acid fibers were woven to form a tube and then coated with collagen. The tubes were filled with either laminincoated collagen fibers (50 mm in diameter) or laminincoated amorphous collagen sponges. The guides were shown in 80-mm dog peroneal nerve gaps to result in favorable recovery at 12 months as verified by morphometrical analyses and electrophysiological recordings (18, 20, 21) . In their latest work, Shimizu et al. compared polyglycolic acid tubes filled with collagen sponge with autografts in 15-mm dog peroneal nerve gaps and found that at 6 months the guides were associated with complete morphometrical and functional recovery superior to that of autograft controls (19) .
Polyglycolic acid belongs to a larger class of nerve guide materials, synthetic polymeric biomaterials. Synthetic polymers can be engineered to possess favorable material properties, including degradability and mechanical strength, and take on a variety of forms with feature sizes on the microscale (e.g., porosity, fibril diameter) and the macroscale (e.g., sponges, tubes, multichanneled conduits). Complete degradation and resorption are key properties because residual guide materials could promote scar formation, infection, and painful compression of the regenerated nerve cable. In the past 5 years, the functional recovery rates of several degradable synthetic nerve guide materials (i.e., polylactic acid, polycaprolactone and polyorgano-phosphazene) have been compared with autografts in animal models.
Polyglycolic acid, polylactic acid, and polycaprolactone are related polyesters that degrade primarily via hydrolysis in aqueous medium, but they can be cleaved enzymatically upon implantation by esterases as well. As mentioned, polyglycolic acid tube guides have been shown to support regeneration when filled with collagen-based scaffolds. Hollow guides made from polycaprolactone (22) and copolymers of polylactic acid and polycaprolactone (23) have also demonstrated promise of full morphometric and functional recovery at levels similar to autograft controls in 10-mm rat sciatic nerve defects. Polyphosphazene is an inorganic polymer with a backbone containing nitrogen and phosphorus. One subclass, poly-organo-phosphazenes, hydrolytically degrade into phosphate and ammonium derivatives. Nicoli-Aldini et al. investigated poly-(bis-(ethylalanate)-phosphazene) as a model degradable polymer characterized for its ability to controllably release drugs embedded within its matrix (23) . These hollow guides were also found to be comparable with the autograft in guiding functional regeneration. Such works are pioneering because they have achieved morphometrical and functional regeneration similar to the clinical standard, the autograft. Future clinical trials will determine whether these promising technologies are fully translatable to human nerve repair.
Biological Nerve Guide Materials
Nerve guides derived from biological materials may provide improved biocompatibility and degradability as well as increased favorable interactions with neurons and Schwann cells. For example, guides made from chitosan (a polysaccharide derived from crustacean shells) that are modified with laminin or laminin-derived peptides have performed similarly to autografts in 15-mm rat sciatic nerve defects (24) . Chitosan tubes filled with oriented polyglycolic acid fibers (14 mm in diameter) have likewise resulted in levels of functional recovery similar to autograft controls in 30-mm sciatic defects in dogs (25) .
Agarose, a polysaccharide derived from seaweed, was designed by Yu and Bellamkonda to provide both substrate-and diffusion-mediated molecules that promote nerve regeneration (26) . Specifically, agarose was modified to present the adhesion molecule laminin and subsequently release nerve growth factor (NGF), a potent neurotrophic growth factor. A nondegradable polysulfone tube was used as a model semipermeable tube to deliver the support matrix. The authors found that the engineered matrices achieved morphometric and functional recoveries similar to autografts in 10-mm sciatic defects in rats.
Collagen, a mammalian-derived biomaterial, has likewise shown promise as a nerve guide material. For example, hollow type I/III collagen tubes approached the performance of autografts in 20-mm rat sciatic defects (27) , and moreover, type I collagen tubes modified with the fibronectin-derived cell adhesion peptide RGD displayed greater extents of recovery than the autograft in a 10-mm defect in the same model (28) . In another study, Yoshii and Oka developed an interesting technique that does not require a tubular construct: They implemented a bundle of 2000, 20-mm diameter collagen filaments without a tube and found functional recovery similar to the autograft (29) . The superior quality of regeneration associated with the filament-based nerve guides was attributed to higher permeability within the filaments than what is typically provided by tubular constructs. These engineered biological materials show promise conceptually and, after demonstrating favorable regeneration compared with the autografts, are well poised for their translation into clinical therapies.
NEW TECHNOLOGIES FOR CONTROLLING NERVE AND GLIAL CELL BEHAVIOR IN VITRO
The clinical and animal studies described above have exhibited key advancements toward functional nerve regeneration. Yet more significant improvements are still possible through a deeper understanding of the dynamic interactions among neurons, their support cells, and their three-dimensional extracellular matrix surroundings. This poses a great challenge for the development of novel biomaterials as well as new technologies for assessing outcomes. This section focuses on innovative nerve guide approaches, modern materials processing microtechnologies, and novel advanced materials that have each indicated an improved ability to control neural or glial cell behavior in vitro. Lastly, new enabling technologies for imaging regenerating nerve will also be briefly reviewed. 
New Nerve Guide Approaches
Advancements in nerve guide design over the past 5 years have primarily focused on (1) processing techniques for tuning the organization of fine fibrillar structures and (2) understanding the impact of scaffold three-dimensionality on neurite outgrowth, Schwann cell survival, and the diffusion of nutrients within the guide material. Fibrous guides of aligned scaffolding material are effective means of promoting directional neurite outgrowth via contact guidance. Therefore, many groups have focused on developing techniques of controlling the size, orientation, and density of naturally derived and synthetic polymer fibers. For example, Ahmed et al. revealed that cables of fibronectin (2-15 mm in diameter) contain unidirectional fibers and 10-100 mm pores through which Schwann cells migrated and aligned (30) . Similarly, Yuan et al. produced chitosan fibers 15 mm in diameter that also directed Schwann cell migration and morphology (31). Eguchi et al. reported that an 8-T magnetic field could be implemented to align both collagen fibers and Schwann cells in vitro (32) . Finally, at smaller length scales, polylactic acid was electrospun into aligned fibers with diameters as small as 300 nm by Yang et al. (33) ; the authors further demonstrated that the nanofibers supported mouse neural stem cell differentiation and neurite growth parallel to the direction of alignment (Fig. 1) . Collectively, these works suggest promising features to include future nerve guide designs by illustrating the tendency for neural and glial cells to follow directional cues from their supporting substrate.
As mentioned, nerve guides should provide ''semipermeable'' barriers to the transport of nutrients, waste, and locally secreted factors beneficial to regeneration. However, we lack a detailed understanding of how the success of nerve regeneration is specifically impacted by conduit wall thickness, degradation rate, porosity, stiffness, and Schwann cell seeding density in three-dimensional materials. To address several of these issues, Rutkowski and Heath tested neurite outgrowth from dorsal root ganglia on a series of polyvinyl alcohol conduits with varying porosity, wall thickness, and Schwann cell seeding density (34) . Their work suggests that thicker, higher density walls were unfavorable to axonal growth, although a moderate porosity may allow an optimal balance between the local retention of growth factors while permitting ample nutrient exchange with the environment. Increasing the numbers of Schwann cells within the conduit increased axonal growth, but it may as well lead to increased axonal branching, which has been linked to painful neuromas in vivo.
The impact of biomaterial stiffness on cell behavior has also become a new active area of research (35) . For example, Balgude et al. investigated agarose gel density and stiffness in three-dimensional cultures of dorsal root ganglion and found that neurites grew faster within softer gels (36) . The authors further postulated a physical model that captures the impact of three-dimensional hydrogel stiffness on the rate of neurite outgrowth. This model may help to reveal new design principles for future agarosebased nerve guides (26, (37) (38) (39) .
Nerve guides with new three-dimensional geometries have been designed by creative implementation of materials processing technologies. Yu and Shoichet recognized that novel nerve guides could be fabricated by combining two-dimensional surface modification technologies with fiber-templating processing to create hydrogel guides with multiple longitudinal subchannels (40) (Fig. 2) . To do this, poly(hydroxyethyl methacrylate-co-aminoethyl methacrylate) or poly(HEMA-co-AEMA) was polymerized in a cylindrical mold (B4-5 mm diameter) around polycaprolactone fibers (B200 mm diameter). The polycaprolactone was dissolved with acetone, leaving roughly 100 fiber-free subchannels in the gel. After surface modification with laminin-derived cell-adhesive peptides (e.g., YIGSR and IKVAV), these guides were shown in vitro to guide dorsal root ganglion neuron adhesion and outgrowth along the length of the subchannels.
In summary, new techniques to develop well-controlled physical environments are permitting advancements in guiding neural and glial cell behaviors in vitro. Furthermore, these engineered microenvironments may prove to be powerful means of directing coordinated cell behaviors toward improved tissue-level outcomes such as regeneration. Future implant studies will verify whether these advanced materials can further improve current success rates of nerve repair in vivo.
Three-Dimensional Neural and Glial Culture Systems
As discussed in the previous section, three-dimensional in vitro studies play a key role in developing new nerve guide technologies. Culturing cells in three-dimensional materials could also elucidate complex spatial interactions among neurons, glial cells, and the extracellular matrix or biomaterial environment (41) . To this end, researchers are beginning to develop three-dimensional culture systems that are designed to be convenient to use, reproducible, and straightforward to analyze.
For example, Mosahebi et al. screened a variety of three-dimensional degradable biological matrices (i.e., alginate, collagen, fibrin, hyaluronic acid, and Matrigel) for their abilities to support Schwann cell viability and dorsal root ganglion outgrowth (42) . The authors concluded that all materials supported Schwann cell viability, but that gels containing both alginate and Schwann cells were associated with the fastest rate of neural outgrowth.
In a similar study, Lin et al. also compared several hydrogels (e.g., agarose, collagen, fibrin, and collagen/fibrin mixtures) and found that collagen/fibrin mixtures were associated with extended neuronal survival (43 weeks) and longer neurites than in agarose cultures, but that fibrin supported the highest neuron survival rate (37) . By simultaneously screening several three-dimensional culture systems at once, these studies may reveal insights of how complex co-cultures and scaffold-based cues may be used to elicit specific regenerative responses.
Other studies have taken three-dimensional culture systems a step further and designed in vitro model systems that attempt to reproduce the physiology of peripheral nerve regeneration. For example, Gingras et al. cocultured embryonic mouse dorsal root ganglion neurons, human endothelial cells, and human skin fibroblasts in a collagen sponge for up to a month (43) . In this model, the fibroblasts produced a connective tissue matrix similar to normal tissue that supported extensive neurite outgrowth. The endothelial cells formed capillary-like networks that were closely associated with the growing neurites. This is a key advance as potential sources of blood supply are a major limitation to many current tissue engineering designs.
In related work, Kelm et al. developed a hanging drop technique to allow self-assembly of mouse embryonic fib- roblasts and dorsal root ganglion cells into three-dimensional ''microtissues'' (44) . Within 24 hours, the cells reassembled into a core of fibroblast feeder cells surrounded by a shell of dorsal root ganglion cells. Over time, myelinated sensory neurons polarized into a ganglion-like cap structure and coordinated neurite outgrowth toward the opposite pole of the spheroid. These novel culture systems are valuable efforts to identify complex environments that mimic the function of regenerating nerve in vivo. A finer level of understanding and control over the three-dimensional interactions between cells and scaffolds may inspire new approaches to treat nerve injury.
Controlling Stem Cell Differentiation
Stem cells provide opportunities to revolutionize current tissue engineering strategies (12, 45) . For example, grafted stem cells could provide templates for regenerating axons and augment natural regenerative mechanisms. Unfortunately, a limited number of studies have yet investigated stem cell transplants as therapies to augment peripheral nerve regeneration (12) . Among these, Murakami et al. implanted neural progenitor cells from fetal rat hippocampus with collagen gel into a 15 mm rat sciatic defect (46) . The transplanted cells differentiated into various glial cell types, including Schwann cells, and were associated with improved axonal outgrowth and functional regeneration. The authors suggest, however, that more detailed studies of the fate and impact of grafted cells are required to clarify their impact on regeneration in vivo.
Stem cell growth and differentiation in culture are profoundly influenced by their three-dimensional context (41, 47) . With this in mind, Hayman et al. developed three-dimensional polystyrene-based matrices for studying neural stem cell behavior (48) . When coated with polylysine or laminin, these highly porous nondegradable matrices supported human stem cell-derived neurons and their axonal growth. As mentioned, degradable polylactic acid nanofibers have also been shown to support stem cell differentiation and to direct neurite outgrowth (33) . Taken together, these findings signify important advances toward controlling the stem cell microenvironment and enabling their ability to support nerve regeneration.
Microtechnologies
On uniform substrates, neurons and glial cells form complex and heterogeneous structures. Functional studies have therefore been hindered by these ill-defined arrangements that do not accurately capture in vivo geometries and connectivities (49) . To address this need, researchers have adapted microtechnologies for engineering substrates with defined biochemical patterns and topographical features. These innovations have proven to be effective at directing cell morphology, cell patterning, and cell-cell contacts. As such, these technologies may be used in future investigations to establish design templates for engineering nerve guides with improved in vivo performance.
3.4.1. Micropatterned Cues. Many methods exist for patterning substrates with biochemical cues (49) . Microcontact printing is a common technique used to pattern substrates with a silicone rubber stamp ''inked'' with peptides, proteins, or other cell adhesion-promoting factors. The stamps are created using photolithography and microfabrication technologies. Schmalenberg and Uhrich implemented microcontact printing to lay 10-50 -mm wide stripes of laminin onto poly(methyl methacrylate) substrates and demonstrated that Schwann cells seeded on these materials maintained highly aligned monolayers up to 5 days in culture (50) . In similar work, Thompson and Buettner also created ordered Schwann cell monolayers on glass substrates that were patterned with 20-mm stripes of laminin using a photolithography approach (described in more detail below) (51, 52) . These studies illustrate a new high level of morphology control and could, for example, be used in future in vitro investigations of interactions between neurons and highly ordered Schwann cell matrices.
In addition to patterning adhesive features, microcontact printing can also be used to pattern regions that resist cell adhesion. For example, Yang et al. patterned cell adhesion-resistant copolymers into stripes (60 mm wide and 10-30 mm apart) onto tissue culture polystyrene; the negative space left on the substrate (stripes 10-30 mm wide and 60 mm apart) supported patterned human neuroblastoma cell adhesion and neurite outgrowth (53) (Fig. 3) . In a similar effort, Zhang et al. used microcontact printing to pattern a nonfouling comb polymer onto glass substrates (54) . The open areas in the comb polymer pattern were then backfilled with covalently bound fibronectin. The resulting pattern was a series of 10-160-mm-wide lines of fibronectin separated by areas resistant to cell adhesion. This method creates exceptionally stable patterns that were shown to direct dorsal root ganglion outgrowth (54) and support selective cell geometries for up to a month (55) .
Photolithography (mentioned briefly above) is another powerful technique for patterning surfaces. In this approach, a substrate is patterned with photoresist and then adhesive biomolecules are adsorbed or reacted onto the negative space of the photoresist pattern. Next, the photoresist is washed away with acetone or another solvent and a biomolecule pattern persists. Song et al. used photolithography to pattern the electrically conductive polymer polypyrrole with positive guidance cues such as polylysine and laminin (56) . Dorsal root ganglia neurons were shown to only attach and extend neurites within the patterns of cues.
Microfluidic networks as well can be used to create patterns of biomolecules on surfaces. To do this, a microfluidic device is fashioned out of silicone rubber and then brought into conformal contact with a substrate such as glass. Channels in the microfluidic device direct solutions to pass over the substrate and allow adsorption of biomolecules from the solution onto the surface. The microfluidic device is then peeled off, exposing the patterned area for characterization and cell studies. Romanova et al. used this method to pattern polylysine and type IV collagen on activated glass substrates (57) . The patterns directed changes in the morphology (i.e., orientation, neurites per cell, neurite length, and branching) as well as electrophysiology of cultured Aplysia (sea slug) neurons. (Aplysia were selected because they have relatively homogeneous neurons that extend neurites in vitro without exogenous stimulatory factors, such as serum and growth factors.)
Microfabrication and photolithography require complex and expensive equipment to which not every researcher may have access. With this fact in mind, Welle et al. developed an Ultraviolet (UV) patterning technique for creating 1-25-mm laminin features on tissue culture polystyrene substrates (49) . Briefly, a chromium mask pattern was placed onto the substrate and then exposed to UV light via a low-pressure mercury lamp. The UV light treatment exposed a pattern of surface carboxyl groups, which preferentially adsorbed laminin. NGF-stimulated PC12 cells grew and maintained patterned neurite structures on the laminin features for over 2 weeks. All together, these micropatterning examples of ordered, repeatable cell-substrate patterns provide valuable templates for future mechanistic studies. Upcoming work may also focus on translating these microtechnologies for use with degradable materials so that these tools may also be used to synthesize new implantable nerve guide designs.
3.4.2. Chemotactic and Chemical Gradients. During development, nerves are patterned by molecular gradients of soluble and insoluble cues. It is also believed that such cues may guide regenerating nerves as well. Rosoff et al. developed a sensitive quantitative technique that assays the response of dorsal root ganglia neurons to gradients of soluble growth factors within a three-dimensional gel (58) . The authors further reported that neurons are extremely responsive to the type of gradient and the absolute concentration of soluble cue. Li et al., on the other hand, implemented a UV grafting approach to graft a gradient of varying polyacrylic acid density, yielding a gradient in carboxyl group density (59) . The carboxyl groups served as negative cues toward C17.2 neurite outgrowth; therefore, the researchers could direct neurite outgrowth on a gradient of decreasing carboxyl group density. These gradient-generating techniques, if applied using natural cues, could shed valuable insights into how neurites are patterned during development and how to effectively guide neuronal growth during regeneration.
3.4.3. Contact Guidance through Microchannels. Cell migration and neurite outgrowth can be directionally controlled by contact guidance along topographical features. Several groups have implemented photolithography and microfabrication techniques to create microchannels or microgrooves in culture substrates. For example, Mahoney et al. deposited polyimide walls (11 mm in height, 10 mm wide, spaced 20-60 mm apart) onto glass using photolithography (60). They subsequently found that neurites grown from NGF-stimulated PC12 cells were most strongly guided by grooves 20-30 mm wide. Similarly, Goldner et al. fashioned silicone microchannels (60 mm wide, 50 mm deep, spaced 60 mm apart) for studying the morphology of dorsal root ganglion cells in grooved substrates (61) . Interestingly, the authors found that a subpopulation of cells could develop neurites that bridged the channels, spanning 60 mm without an underlying support. They speculated that in these cases, a neural cell at the bottom of the groove extends neurites that first contact the wall and then continue to extend vertically up the wall. Tension on the neurite allows the cell body to detach from the substrate and form a bridge across the groove. Current research is underway to try to understand the cytoskeletal dynamics that would give rise to this unexpected response.
In addition to micro-channels and -grooves, neurites respond to nano-sized features as well. Foley et al. created collagen-coated silicon substrates with grooves 70-1900 nm wide, separated by 40-4000 nm (62) . The dose response of PC12 cells to NGF stimulation was examined as a function of groove dimensions. In contrast to larger feature sizes, neurite sprouting was greatly inhibited on grooves with the smallest feature sizes (70 and 250 nm width). Guided neurite outgrowth, however, was not correlated with groove size. The authors conclude that NGF and topographical signals work cooperatively in controlling neurite outgrowth. Multiple types of cues, such as these, may play roles in directing functional neural architectures during regeneration in vivo.
Advanced Materials
The microtechnologies discussed above provide powerful opportunities for guiding and studying neural behavior in vitro. Most work in this area, however, has been conducted with nondegradable substrates (e.g., glass and silicon) presenting only one type of guidance cue (e.g., patterned lines or grooves). Several approaches have sought to leverage multiple cues by simultaneously combining guidance technologies with materials that more closely mimic in vivo microenvironments (63) . For example, Miller et al. focused on synergistic physical, chemical, and cellular cues in designing degradable polylactic acid substrates with microgrooves (1-4 mm deep, 10 mm wide, and spaced 10-20 mm apart), which were treated with laminin and then seeded with rat sciatic Schwann cells (64) . To demonstrate their use, whole and dissociated dorsal root ganglion neurons were seeded on the substrates and neurite behavior (e.g., outgrowth and alignment) was characterized for up to 5 days in culture. This combination of synergistic cues enabled greater than 98% alignment of the neurites and resulted in more rapid neurite outgrowth along the microgrooves.
In a three-dimensional system, Luo and Shoichet photopatterned the adhesive peptide sequence RGD in selected cylindrical volumes of agarose hydrogels (38, 39) . These channels supported three-dimensional neurite growth from dorsal root ganglion neurons embedded on top of the gel. This approach is a key advance toward bulk materials that mimic tissue physical properties (i.e., hydration and pliability) as well as provide three-dimensional cues to direct cell response (e.g., innervation).
Enabling Imaging Technologies
Despite the remarkable advances presented above, forward progress is slowed by insufficient tools to quantitatively assess cellular behaviors over the complete time course of regeneration. Imaging technologies, however, are improving and await widespread adaptation in neurobiology and bioengineering laboratories. Ozturk and Erdogan, for example, demonstrated the use of multidimensional long-term time-lapse microscopy for monitoring nerve regeneration processes in vitro (65) . In collagen gel cultures of mouse dorsal root ganglion explants, cell type and the speeds of migration and neurite outgrowth were tracked over 13 days. In addition to characterizing cell-cell interactions over this time period, the authors describe the specific time course of cellular activities, including rates of cell migration and neurite outgrowth from the explant (Fig. 4) .
With regard to implantable materials, the success of regeneration in vivo could also benefit from a more detailed understanding of the physical structure of nerve guides before and after implantation. To this end, Blacher et al. devised a novel image analysis approach to quantitatively correlate three-dimensional guide architecture with the success of axonal ingrowth in vivo (66) . Structural anisotropy and porosity were confirmed to be key factors in impacting neurite orientation, length, and den- sity within the scaffold. These two reports are key examples of new ''four-dimensional'' imaging technologies applied to nerve regeneration that may allow a deeper visual understanding of dynamic cell behaviors and nerve guide remodeling.
FUTURE DIRECTIONS
The growth of specific nerve fibers to their appropriate targets remains a critical challenge barring improved peripheral nerve regeneration in the clinic (67, 68) . Misdirected axonal growth is common in nerve cables containing both sensory and motor neurons and can result in incorrect connections between motor and sensory axons and their respective targets. Neurobiologists are beginning to identify Schwann cell and extracellular matrix factors that selectively promote either motor or sensory axonal growth (67, 68) . Moreover, collaborative efforts between bioengineers and neuroscientists are creating new tools for studying axonal injury and regeneration in vitro. For example, Taylor et al. reported a microfluidic platform for the long-term culture and spatial compartmentalization of polarized primary neurons (69) . Tissue engineering approaches may provide new tools and technologies for incorporating these sophisticated cues into new nerve guide designs to promote improved functional recovery and regeneration.
CONCLUSIONS
Significant advances in nerve guide design and biomaterial substrate engineering have enabled a deeper understanding of how to promote specific neuronal and glial cell behaviors. Similar advances in neurobiology, developmental biology, regenerative medicine, drug delivery, gene therapy, and cell-based therapies will continue to drive forward progress in this field. It is anticipated that future advances in engineering multiple synergistic guidance cues into more sophisticated tissue-mimetic devices will allow dramatic successes in clinical peripheral nerve regeneration.
